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Carbondale, IL 62901-6603. E-mail: ranjeet@siu.edu  
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Every Year, flooding causes a calamitous impact on the people, economy, and environment all 
over the world. In recent years, the flood-related damages have been increasing in the United States 
regardless of several investments in the flood control measures. Floodplain mapping is an 
important tool for management that aids in the planning of infrastructures within the floodplain 
zone. With the magnifying effects of climate change on the hydrological cycle the study of 
floodplain is becoming a key tool in the water management. Federal Emergency Management 
Agency has recently updated their floodplain standard as per the presidential executive order 2015 
on the Federal Flood Risk Management Standard. This study incorporates the newly updated 
floodplain mapping standard in the flood risk assessment of approximately 11.2 km stretch of the 
Patapsco River near Ellicott City. Hydrologic Engineering Center's River Analysis System (HEC-
RAS) with the conjunction of geographical information systems were used in the floodplain 
analysis. The different return period flows (2, 5, 10, 25, 50, 100, and 500) were used from the 
frequency analysis. These flows were routed through the selected reach of Patapsco River and the 
vulnerability assessment of the nearby existing infrastructures was conducted. This study can assist 
the decision makers and planner for the implementation of flood protection measures near the 
Ellicott City. 
Introduction: 
Hurricanes storms are the leading causes of flooding in the United States. According to the United 
States Geological Survey (USGS), flooding is responsible for over 75% of natural disasters in the 
country (USGS, 2012).  Present global temperature is rising and climate models have predicted an 
increasing trend throughout the 21st century (Kalra et al., 2013 a,b; Pachauri et al., 2014; Pathak 
et al., 2016a,b; Sagarika et al., 2014). In warmed climate, the frequency, intensity, and the severity 
of extreme climatic events are expected to magnify (Christensen et al., 2007; Paz et al., 2013; 
Dhakal and Chevalier, 2015; Ghimire et al., 2016; Tamaddun et al., 2016 a,b). Climate change is 
attributing to the increase in the severe hydrological events such as flooding (Easterling et al., 
2000; Kalra and Ahmad, 2011, 2012; Carrier et al., 2013, 2016; Sagarika et al., 2015a,b; Dhakal 
and Chevalier, 2016). The study of a floodplain aids in the planning and implementation of 
mitigation techniques in the flood vulnerable area.   
A large number of buildings across the United States are located within the boundaries of a 
floodplain and exposed to major losses and damages should one ever occur. For years, the 
government have been anticipating flood disasters by constructing flood-control works such as 
dams and seawalls and providing relief to victims. However, ineffective building techniques 
combined with rising costs of flood insurance coverage lead Congress to adopt the National Flood 
Insurance Program (NFIP), in an effort to control flood damages and protect property owners from 
financial losses (King, 2005).  The NFIP is administered by the Federal Emergency Management 
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Agency (FEMA), which determines the flood prone areas nearby the water bodies that would be 
submerged due to flooding. Accepting the fact of changing climate FEMA has updated the 
floodplain standard as per the presidential executive order, COE, 2015.  
Delineation of a floodplain zone of a river is essential for proper planning and management of 
surrounding areas (Mosquera-Machado and Ahmad 2007; Maheshwari et al., 2014). Numerical 
modeling is a typical method of inundation mapping that demands a tiresome amount of time. A 
coupled hydraulic model and geographic information systems has been developed and widely used 
over the course of the past few years to understand the timing and magnitude of floods.  The 
technology integrates Geographical Information Systems (GIS) and hydrologic/hydraulic 
modeling systems, which can then be used to display the extent of the flood (Colby et al., 2000).  
For the past few decades, the Hydraulic Engineering Center’s HEC-2 model has been used widely 
in floodplain mapping (USACE, 1991). It was the first straightforward and automated model, 
which allowed users to compute surface profiles within a reasonable time frame. The U.S. army 
Corps of Engineers developed a windows compatible version of HEC-2 model in 1995, for river 
analysis system (HEC-RAS), (USACE, 1991). The latest versions of HEC-RAS were extended to 
unsteady flow analyses, which is a remarkable improvement in hydraulic analysis of river systems. 
HEC-RAS was a significant improvement from the original DOS-based HEC-2 overall, however, 
neither models offered the possibility to map the water surface elevation (WSE) in the terrain of 
the study region with in the same model. The recent advancement of HEC-GeoRAS allows the 
HEC-RAS simulated WSE to overlay with the topographic data in GIS data frame. The primary 
objective of this study was to delineate floodplain zones of a river system using HEC-RAS-
established WSE in GIS. It also provides a good case in examining the suitability of HEC-RAS 
for flood modeling by performing a case study in the Patapsco River near Ellicott City, Maryland. 
Study area and data 
Ellicott City lies in the Howard county of Maryland, United States at 39°16′5″N latitude and 
76°47′56″W longitude geographic coordinate. This city is a part of the Baltimore-Washington 
Metropolitan Area. As of U.S. Decennial Census of 2010, the total population in the city was 
65,834. The town had witnessed several flooding in the past decades and considered to be an area 
prone to flooding from the nearby Patapsco River and Tiber Creek (Halverson, 2016). Tiber Creek 
is one of the tributaries of the Patapsco River. On July 30, 2016, an unprecedented rainfall event 
resulted in severe flooding that inundated the whole city taking human lives (Rector 2016; 
Halverson, 2016). That storm poured six inches of rain in the interval of 2 hours. This event was 
well archived in the newspapers and many online publications. The flood resulting from the 
Hurricane Agnes on June 22, 1972 was considered the most severe in the flooding history of 
Ellicott City (Gupta and Fox, 1974). This study used the 11.2 km stretch of the Patapsco River for 
the flood inundation mapping resulting from flows of different return period and the flow from the 
1972 and 2016 flooding events. This stretch of Patapsco River is accompanied by a USGS stream 
flow gaging station, USGS 01589000. No major hydraulic structures are constructed within this 
stretch of the Patapsco River. 
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Figure 1: Map showing the study area along with Maryland State of the United States 
This study primarily used the terrain data from the 1/9 arc second digital elevation model from the 
USGS’s national map viewer website and the stream flow data from USGS 01589000 (Patapsco 
River at Hollofield, MD) gage station. These data are openly accessible and the Table 1 shows the 
corresponding sources of the data. 
Table 1: Input data and corresponding source 
Data Type Source 
Digital Elevation Model (DEM)-
1/9 arc second 
https://viewer.nationalmap.gov/basic/ (National map 
viewer – USGS) 
Stream flow data (discharge and 
gage height) 
http://waterdata.usgs.gov/nwis (USGS) 
 
Method 
The methods followed in this study include the analysis using ArcGIS and HEC-RAS for the 
floodplain mapping and the Generalized Extreme Value (GEV) methods for the calculation of 
flood frequency. The Geographic Information Systems offers unique graphical user interface and 
database management tools and can be used to link hydraulic data to spatial location. Physical 
element descriptions such as cross section parameters can be transferred to GIS using GIS-based 
tools. At First, Digital Elevation Model (DEM) data obtained from USGS was used for the 
generation of Triangulated Irregular Network (TIN) data in Arc GIS using the Raster to TIN 3D 
Analyst tool. The TIN format was then utilized by the HEC-GeoRAS (Ackerman et al., 2000), an 
extension of ArcGIS, to export the necessary river geometry of the selected stretch of the Patapsco 
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River to the HEC-RAS. The output of HEC-GeoRAS, which comes in GIS format was imported 
to the HEC-RAS through the Geometric Data Editor. Initially, the values of manning’s roughness 
coefficient as recommended by Arcement et al., (1989) were fed to the HEC-RAS in the left bank, 
center, and right bank of each cross-section. The HEC-RAS model was then calibrated and 
validated with the measured discharges corresponding water surface level by successively 
changing the initial values of manning’s coefficient. 
GEV distribution (Hosking et al., 1997) was implemented for the calculation of flows 
corresponding to the return period of 2, 5, 10, 25, 50, 100 and 500 years. The annual maximum 
peak discharge from the USGS gage 01589000 was fitted in the GEV distribution and the three 
parameters, shape, location, and scale of the GEV was calculated using the L-moment. These 
calculated flows along with two historical peak discharges were then routed in the HEC-RAS 
model. For all the flows, the water surface profiles were computed considering steady and uniform 
flow condition. The water surface profile data for each case was exported to HEC-GeoRAS. The 
water surface in the TIN format for each event was created by HEC GeoRAS and rasterized to 
compare with the raster DEM for computation of the variation in elevation. The areas where the 
water surface elevation exceeded the elevation of the terrain defined the floodplain. 
Results and Discussion 
This section discusses the flood frequency analysis results using GEV followed by the HEC-
GeoRAS analysis and the HEC RAS simulation results, and finally the ArcGIS analysis for the 
inundation mapping. 
Flood frequency analysis: 
This study used the GEV flood frequency method for the calculation of flows correspoding to 
different return periods. The return period includes the 500 year which is recently updated in the 
FEMA standard after presidential executive order 2015 on the Federal Flood Risk Management 
Standard. Table 2 shows the statistical analysis results for the 2, 5, 10, 25, 50, 100, and 500 year 
return period predicted discharges. The measured discharge of the July 30, 2016 flooding was 
639.96 m3/s. The maximum recorded discharge in the gage station was 2282.33 m3/s which was 
measured on June 22, 1972, a  flooding event caused by the Hurricane Agnes. This Hurricane that 
battered the eastern coast of the United States causing severe flooding was one in a million event. 
The Huricane Agnes was an unprecedented event and considered to be one of the greatest historical 
natural calamaties of the United States (Coasta, 1974; Gupta and Fox, 1974). 
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Table 2: Flood Frequency outputs using the Generalized Extreme Value Distribution for different 
Return Periods using the observed data from 1945 to 2016. 
Return Periods (Year) Discharge (m3/s) 
2 187.75 
5 482.29 
10 608.96 
25 718.33 
50 774.01 
100 814.29 
500 870.51 
HEC-GeoRAS: 
HEC-GeoRAS used the 1/9 arc second of DEM acquired from USGS. The raw DEM for the study 
area was in 4 different files which were merged using the mosaic to new raster tool in ArcGIS 
before processing for TIN conversion in HEC-GeoRAS. The TIN was utilized by the HEC-
GeoRAS to create the river geometry outputs for HEC RAS. Total 48 cross sections were created 
over the reach of the study area. The consecutive meander bends of the river limited the number 
of cross section which can be depicted from the Figure 2. Later, the initially selected cross sections 
were modified to ensure the proper intersection with bank and flowlines. The HEC-GeoRAS user 
manual, (Ackerman et al., 2000), was followed throughout the analysis. 
HEC-RAS analysis: 
The output of the HEC-GeoRAS which comes in GIS format was imported in the HEC-RAS. 
Figure 2 shows a stretch of the imported cross-section of the study reach of the Patapsco River. 
The manning’s roughness coefficient was assigned for each cross section for banks and channel as 
per Arcement et al., (1989) recommendation for natural rivers. The initial value of manning’s 
roughness coefficient was chosen 0.04 for banks and 0.035 for the center of the channel. After 
several trails the manning’s values 0.04 for banks and 0.025 for the channel resulted in good 
matching of model generated WSE with the observed. The manning’s values were evaluated using 
the Nash-Sutcliffe efficiency (NSE), developed by Nash and Sutcliffe (1970). The calculated NSE 
value was 0.87, which was within the acceptable limit of best fit. The value of NSE ranges from 
 to 1 and the value correspond to 1 represents a perfect match of the model and the value 0 
indicates the accuracy of model prediction equal to the mean of the observed data (Nash and 
Sutcliffe 1970). Table 3 shows the model calibration results by comparing measured and modeled 
water surface level (WSE) for 1973 and 1979 floods. 
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Figure 2: A stretch of the imported cross-sections from HEC-GeoRAS in HEC-RAS. 
Table 3: HEC-RAS model Calibration outputs for the manning’s roughness coefficient 
Observed 
water year 
Observed 
Discharge (m3/s) 
Observed 
WSE (m) 
Modeled 
WSE (m) 
1973 138.75 59.10 59.31 
1979 297.33 59.87 59.94 
1989 334.14 60.08 60.05 
2004 419.09 60.51 60.28 
2011 529.52 60.81 60.55 
2015 191.70 59.18 59.55 
The calibration was performed under the mixed flow analysis for the steady flow condition. The 
upstream and downstream slope was used for the boundary condition considering normal depth. 
The upstream and downstream slope was measured using the DEM and was found to be 0.005 and 
0.003 for upstream and downstream, respectively. The model was then simulated for the nine 
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different flows, seven from the statistically calculated flows for return period of 2, 5, 10, 25, 50, 
100, and 500 and two historical flooding, July 30, 2016 and June 22, 1972.   
Inundation Mapping in ArcGIS using HEC-GeoRAS extension: 
The HEC-RAS simulated results were imported to the HEC-GeoRAS, which contains the 
information about water surface elevation and its extent for each flow scenario. The imported file 
was then processed with the TIN of the region that was created during the initial HEC-GeoRAS 
analysis for the river geometry. HEC-GeoRAS generated a new TIN file using the WSE 
information from the imported file and terrain information from initial TIN file. The new TIN file 
consists of flood water elevation for all the flow scenarios. Using this new TIN file HEC-GeoRAS 
created the extent of flood water for all flows taking single flow condition at a time. Figure 3 shows 
the extent of flood water after the inundating mapping for a stretch of the study area. 
  
Figure 3: An Overview of inundation mapping results from HEC-GeoRAS. Left figure shows the 
inundated regions for the flood of 2, 5, 10, 25, 50, 100, and 500 year return period. Right figure 
show the inundation map resulted from two historical flooding, July 30, 2016 and June 22, 1972. 
The extent of the 1972 historical flooding is greater than all other flooding condition. The results 
show that the 1972 flooding inundated 1.7 km2 area while 500-year return period flow inundated 
1.2 km2 area. The extent of the 1972 flooding showed the effects of that flooding were greater than 
the new updated 500-year return period FEMA standard. The 1972 and 2016 historical flooding 
affected the most of the region of the Ellicott City, which lies near the Patapsco River stretch 
considered for this study. The effects were way greater than the regions depicted by the results of 
inundation mapping. The flooding was resulted from the heavy rainfall and the measured data were 
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affected by the flow regulation and diversion at the upstream of the gage station. The regulation 
and diversion effects are highlighted in the raw data in the USGS data portal. Along with the river 
flooding, these historical events were made severe by the flows from the city that discharges on 
the downstream of the gage station. In addition to the river flood management, the Ellicott City 
needs an improvement in its existing stormwater system to handle the severe storms which 
devastate the city frequently. A method followed by Thakali et al. (2016) that considers the impact 
of changing climate on the stormwater infrastructure might be useful in evaluating and designing 
the flood management infrastructure. Thakali et al., (2016) conducted a study over the stormwater 
system of Las Vegas area and found it to be inadequate to handle the catchment flow in the future 
climate. 
Summary and Conclusion 
This study used the Arc GIS and HEC RAS with the aid of GIS extension HEC GeoRAS for the 
inundation mapping of Patapsco River near Ellicott City Maryland. 11.2 km stretch of the river 
was selected for the inundation mapping using different flow scenarios. With the series of recent 
frequent flooding events that devastated the city, the outputs of this study will be useful for the 
long-term flood mitigation planning, emergency action plans and different ecological studies 
(Ahmad and Simonovic 2006). However, this study used the terrain information from the DEM, 
which may not represent the most recent topography of the region. Thus, periodic change in the 
topography of the floodplain limits the result of this study, which can be avoided using the most 
recent actual survey data in the future studies. The primary conclusion drawn from this study are 
listed below: 
1. There are some infrastructures nearby the Patapsco River that are vulnerable to the river 
flooding. 
2. The comparison between the actual reported devastation from the historic flooding in the 
Ellicott City is much severe than the River flooding from Patapsco River as depicted by 
the inundation map resulted from this study. 
3. Along with the threats from river flooding for the Ellicott City, the existing storm-water 
infrastructure of the city may be inadequate to handle the extreme rainfall events. 
The changing climate and the increasing urbanization are resulting in more surface runoff. The 
modeling of floodplains is prudent for both future development and emergency response planning. 
The areas are vulnerable to the river flooding from the Patapsco River and require some mitigation 
practices. Moreover, in the severe rainfall condition, along with river flooding mitigation, the 
drainage infrastructures of the region need to be assessed. The drainage systems are designed for 
the 100-year flow, however, with recently observed flooding these structures demands a study 
under the climate change scenarios. This study highlighted the areas vulnerable to flooding near 
the Ellicott City. Results may help in the assessment of nearby infrastructure and the 
implementation of possible flood mitigation and evacuation strategies. 
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